The European beech (Fagus sylvatica L.) is a widely distributed tree species across Europe, highly sensitive to climate change and global warming. This study illustrates results of a 5-year monitoring time period from eight sites of the ICP-Forests Level II (intensive monitoring network) along the Italian latitudinal gradient. The tree-level relationship between tree growth dynamics and environmental factors, including seasonal climate fluctuations were investigated by means of tree-level Generalized Additive Mixed Models (GAMMs). Model results revealed that climate was responsible for just a portion of the variability in beech growth dynamics. Even if climatic predictors were highly significant in almost all sites, the model explained nearly 30% of the total variance (with just a maximum value of 71.6%), leaving the remaining variance unexplained and likely connected with forest management trajectories applied to each site (e.g., aged coppice and fully grown high forest). Climate change scenarios were then applied to predict site-specific future responses. By applying climate change scenarios, it was predicted that central and northern Italy would face similar climatic conditions to those currently detected at southern latitudes. A special case study was represented by VEN1 plot (Veneto, Northern Italy) whose current and future climate regimes were grouped in a unique and separated cluster.
Introduction
Forests are believed to provide a large set of ecosystem services in addition to wood and biomass production [1] [2] [3] . Climate change can reduce, or at least alter, quality and quantity of the ecosystem services that forests provide, thus affecting resilience and cultural identity of local communities [4] [5] [6] . It is, therefore, of primary importance to develop and use reliable and adequate climatic surfaces for the purpose [7] [8] [9] . This would impact on the possibility to derive useful instruments for policymakers able to anticipate changes in forest ecosystems' functionality and their capacity to deliver services [10] . Ecosystem services of forests are related to specific functions, such as growth and carbon stock into woody tissues, carbon sequestration and oxygen enrichment via photosynthesis, regeneration, element cycling, soil development, biodiversity holding, and so on. For this reason, a wide set of attributes should be taken into account to evaluate the overall functionality of forests and their capacity to provide ecosystem services [11, 12] .
The spatial distribution of forest tree species (range) is often recognized as a good proxy to derive their ecological requirements and to build up statistical models [9, 13] . Analysis of field data and tree-level information allows a comprehensive understanding of stand-level health as well as the growth dynamics not significantly affected by climate variables), could be detected. Finally, different climate change scenarios were applied to predict future development at each site.
Materials and Methods

Spatial Distribution of ICP-Forests Monitoring Network for European Beech in Italy
The European Beech is the most frequent deciduous tree species across the whole European ICP-Forests Level II network. Differing from Level I (i.e., the extensive monitoring network), Level II sampling design followed a non-probabilistic scheme and includes a wide set of sites and stand variables to be measured. Over the last decade, due to the increased survey costs and the reduced technical staff, a lower number of plots have been gradually monitored over time [32] . Despite this, beech forest plots' set remained unchanged in Italy ( Figure 1 ) and climate types covered by the current network spans from mountain Mediterranean sites with higher mean temperatures and low precipitation in the growing season (CAL1, CAM1, PUG1), to damp, inner areas of Southern to Central and Northern Apennines with a cold winter season (ABR1, TOS3, LIG1), up to the sites located in Western (PIE1) and Eastern Alps (VEN1).
Forests 2019, 1, x FOR PEER REVIEW 3 of 15 could be detected. Finally, different climate change scenarios were applied to predict future development at each site.
Materials and Methods
Spatial Distribution of ICP-Forests Monitoring Network for European Beech in Italy
The European Beech is the most frequent deciduous tree species across the whole European ICP-Forests Level II network. Differing from Level I (i.e. the extensive monitoring network), Level II sampling design followed a non-probabilistic scheme and includes a wide set of sites and stand variables to be measured. Over the last decade, due to the increased survey costs and the reduced technical staff, a lower number of plots have been gradually monitored over time [32] . Despite this, beech forest plots' set remained unchanged in Italy ( Figure 1 ) and climate types covered by the current network spans from mountain Mediterranean sites with higher mean temperatures and low precipitation in the growing season (CAL1, CAM1, PUG1), to damp, inner areas of Southern to Central and Northern Apennines with a cold winter season (ABR1, TOS3, LIG1), up to the sites located in Western (PIE1) and Eastern Alps (VEN1). Most plots are grown-up high forest stands. Main mensurational variables per plot are reported in Table 1 and referred to the last survey implemented in 2015. Most plots are grown-up high forest stands. Main mensurational variables per plot are reported in Table 1 and referred to the last survey implemented in 2015. 
Dendrometers and Climate Data
Inter-annual and tree-level growth dynamics were investigated in this study. Data were collected between 2009 and 2013 from manual UMS-dendrometers installed at the reference tree height of 1.3 m on 15 dominant trees at each plot. Growth course was recorded every 15 to 30 days (Table 2) . Growth rates were related to local climate variables to derive possible insights on growth patterns. Even if a meteorological station was available at each ICP-Forest Level II plot, a high amount of missing data was detected in the time series. For this reason, the quality of local climatic time series was lower than the minimum requirements acknowledged for forest monitoring issues [45] . To adopt a common approach for all the study sites, a widely-established, international data source for climate assessment was considered. Monthly minimum and maximum temperature (T mn , T mx ) and total precipitation (P) data were derived from the KNMI (Royal Netherlands Meteorological Institute) Climate Explorer website (https://climexp.knmi.nl/). Summary statistics of climatic data per site are reported in Table 3 . Time series of climate variables over the period per site are shown in Figure 2 . A Mann-Kendall test was also carried out to detect trends in the monthly data, revealing that no significant trend was detected in climate data, with the exception of precipitation related with the CAM1 site, that showed a significant decrease over the observed time-span. 
Statistical Analysis and Modelling Method
A multivariate approach was used to identify latent patterns among tree growth and climate conditions at the different sites. Firstly, a cluster analysis was performed to explore whether or not similar forest variables could be reduced, and thus represented by the most significant variables in each cluster. An integrated analysis of climatic and dendrometers' data has been performed to explore their possible association and identify latent patterns among climatic data and tree growth. The relationship between dendrometers and climate data was then evaluated by a Principal Component Analysis (PCA), using the different sites as supplementary variables. In this way, sites do not influence the results (eigenvectors/eigenvalues, squared cosines and hence loadings).
Generalized Additive Mixed Models (GAMM) have been implemented (i) to study the influence of the main climatic variables on beech growth trends, (ii) to evaluate whether ecological conditions affected local growth, and (iii) to assess if some plots could be acknowledged as potential sources of adaptation to climatic drivers (i.e., growth not significantly affected by climatic variables). This modelling technique has been recently used to investigate a bimodal growth pattern in Spain [17] and regeneration processes in national forest inventory plots in Germany [46] . GAMMs are an extension of generalized additive models (GAMs)allowing a flexible modelling of nonlinear patterns in the response variable that uses a sum of smoothing functions of the involved covariates and the random variable [47, 48] .Withthe smooth terms being extremely adaptable, the model does not need to be specified in terms of detailed parametric relationships. For the mixed model fitting the gamm4 [49] package available for R statistical language [50] has been used. Given the structure of the dataset, no data transformation was introduced respecting the natural structure of the phenomena [15] and GAMMs were then used to fit tree-level inter-annual growth, with tree identity as a random factor. Firstly, raw diametric measures were converted into basal area values. Then, the relative increment from the previous survey in a given day of sampling (G inc ) was calculated as a difference. With this dataset, the GAMM model was built as follow:
The fixed effects in this model are the consecutive day of the year (DOY) ranging between 1 and 365, and expressing the cyclic and periodic change of the seasons, the monitoring day of the analyzed time-span (DAY), expressing the general growth trend over the five years and ranging between 1 (01/01/2009) and 1825 (31/12/2013), the Standardized Precipitation-Evapotranspiration Index (SPEI), the maximum temperature (T mx ), the minimum temperature (T mn ) and the precipitation (P) of the reference period of sampling. The random effect denoted by r. SPEI variable was obtained from raw temperature and precipitation data using the SPEI package [51] available for R statistical language [50] . The SPEI was calculated with monthly resolution using the Hargreaves equation for reference evapotranspiration (ET0):
With RA as the extraterrestrial radiation which is expressed in MJ.mm −1 .day −1 and all the remaining variables in Celsius degrees. Temperature, precipitation and SPEI variables were used in the GAMM to test the statistical importance of each raw variable (T mx , T mn , P) and their combined effect (SPEI).
With GAMM, climate-growth relationships were modelled with a nonlinear spline-based smoother coefficient applied to predictors assuming a nonlinear relation between the dependent variable (G inc ) and the selected ecological predictors. Then all smoothers were tested for statistical significance.
Finally, different climate change scenarios were applied to predict future development at each site. Such scenarios were referred to RCP4.5 and RCP8.5 from the Fifth Assessment Report (AR5) for the 2050s time span. Anomalies were locally downscaled and then added to the current climatic condition. Then, a hierarchical clustering method was performed on the Euclidean distance matrix decomposed using the centroid agglomeration rule in order to assess climatic closeness among the considered sites as well as to suppose climatic trajectories. To achieve this, 36 widely used climatic variables were derived from raw data. Such climatic variables and indices were firstly proposed by Wang et al. [52] for North America and include many economically or biologically relevant variables such as growing and chilling degree days, heating and cooling degree days, Hargreaves' moisture deficit and reference evaporation. The full list of the 36 variables is reported in Table 4 where each variable was calculated according to Wang et al. [52] . Such variables have often been used in ecological modelling, with the aim to characterize the ecological niche of forest tree species as well as to apply climate change scenarios [53] [54] [55] [56] and demonstrated suitability for predicting local climate conditions. Even if directly available from the ClimateEU software (https://sites.ualberta.ca/~{}ahamann/data/climateeu.html), the same data source we used for GAMM (KNMI Climate Explorer website) was here considered to keep the two methods consistent. To avoid collinearity effects in the clustering procedure, the 36 climatic variables and indices were included into a Principal Component Analysis (PCA) centering and scaling the dataset to avoid mensurational biases from different climatic variables (temperatures, precipitation, potential evapotranspiration indices etc.). Then, the 36 components were used as data source for the hierarchical clustering. 
Results
Integrated Analysis of Climatic and Dendrometers' Data
By using a variable clustering method, the dendrometers' data can be represented identifying the most representative variables in each cluster in order to reduce collinearity. Table 5 shows that the cluster-based representative variables are the basal area increment (G inc ) and the total basal area of the plot (G), explaining almost 100% and 99% of the two clusters' variation as for forest attributes, respectively. The PCA extracted two components explaining about 70% of the total variance. The importance of a component for a given variable can be shown by the squared cosine values (Figure 3a) . 
Results
Integrated Analysis of Climatic and Dendrometers' Data
By using a variable clustering method, the dendrometers' data can be represented identifying the most representative variables in each cluster in order to reduce collinearity. Table 5shows that the cluster-based representative variables are the basal area increment (Ginc) and the total basal area of the plot (G), explaining almost 100% and 99% of the two clusters' variation as for forest attributes, respectively. The PCA extracted two components explaining about 70% of the total variance. The importance of a component for a given variable can be shown by the squared cosine values (Figure 3a) . Variables loadings on the two components, which represent pair-wise correlations between components and variables, are shown in Figure 3 , right panel. The analysis has identified changes in the multivariate relationship among the considered variables. Component 1 is positively correlated with maximum and minimum temperature and with PUG1 site and negatively with precipitations and VEN1 site. Component 2 extracts high loadings at the PIE1 site, while it is negatively correlated with G and with CAL1, CAM1 and TOS3 sites. Component 1 and 2 separate the climatic variables (which are mostly represented by Component 1) from the dendrometers' variables, mostly represented by Component 2.
Data Modelling with GAMM
Dendrometers' monitoring provided a high temporal resolution in the assessment of stem seasonal dynamics, as well as tree growth response to environmental variations. The GAMM was always statistically significant (p < 0.001) and explained a relatively low proportion of variance. While a value around 72.94% was shown for LIG1, 68.70% for CAM1, 49.62% for VEN1 and 47.51% for ABR1only 30%-35% of variance was explained at all the other case-studies, leaving much of the variability of G inc unexplained by climatic variables. The most relevant climatic driver was precipitation (P), being statistically significant in all areas, and detected as the most relevant driver also for SPEI which was statistically significant too. Concerning temperatures, both minimum and maximum regimes were highly significant at almost all sites with few exceptions: while maximum temperatures were less significant in PUG1 (0.05 ≤ p), VEN1 and ABR1 (0.01 ≤ p), the minimum temperature was poorly significant for growth only in ABR1 (0.01 ≤ p < 0.05). Then both variables were not significant at all in TOS3 (p > 0.05). Finally, as for the cyclic predictors (day of the year, cycling from 1 to 365, DOY), and the variable explaining the monitoring day within the analyzed time span (DAY), while the first was poorly significant in CAM1 only, the DAY was less significant in CAM1, PUG1 and VEN1 and becomes not significant in PIE1 and TOS3.
A summary table of the statistical analysis on growth time series is reported in Table 6 . Table 6 . Statistical significance of predictors included in the GAMM used to fit tree-level inter-annual growth in relation to the climatic variables with tree identity as a random factor. The statistical significance was tested according to the following thresholds: *** p < 0.001; ** p < 0.01; * p < 0.05; ns p ≥ 0.05.
Day of the year (DOY) *** *** * *** *** *** *** *** Monitoring day (DAY) *** *** ** *** ns ** ns ** SPEI *** *** *** *** * *** * *** Maximum temperature (T mx ) ** *** *** *** *** * ns ** Minimum temperature (T mn ) ** *** *** *** *** *** ns *** Total annualprecipitation (P) *** * ** *** ** ** *** ** 
Data Forecasting
Hierarchical clustering on future projections was used to assess climatic closeness among the sites as well as to forecast climatic trajectories. The analysis is shown in Figure 4 where two main groups can be detected, based on an integrated latitudinal-longitudinal gradient: the first cluster (upper part of the dendrogram) includes sites from north-western and central Italy relatively close to the Tyrrhenian Sea. The second cluster (lower part of the dendrogram), includes sites from Southern Italy and from a restricted number of sites in central and northern Italy close to the Adriatic Sea. These results may be justified with the different meso-scale climatic regime characterizing the Western (Tyrrhenian) and Eastern (Adriatic) sides of Italy, irrespective of the elevation gradient. As overall, many central and northern monitoring plots are predicted to face climatic conditions very close to those currently detected at southern latitudes such as, for instance, ABR1 and CAM1, which in turn, were predicted to be close to current CAL1 and PUG1 climatic regimes. A special case study was represented by VEN1, whose future and current climates were grouped in a unique and separated cluster.
regimes. A special case study was represented by VEN1, whose future and current climates were grouped in a unique and separated cluster. 
Discussion
The spatial arrangement and growth trend of forest systems are strictly related to management, which influences tree density and vertical/horizontal stand structure. In such a context, GAMM analysis showed how climate was able to explain just a reduced amount of variability across plots. In this case, forest management, i.e. spatial structure and standing volume (not included in our model) might be looked at as the basic drivers for the growth of the analyzed Fagus sylvatica trees across Italy.
In a changing environment, accounting for forest response to climate changes is functional to sustainable forest management. Time series represent the time-evolution of the meteorological dynamic process and are fundamental to evaluate patterns and responses of forest species to climate change [26] . The repeated, short-term occurrence of anomalous seasons or extreme events make each year potentially sensitive to climate deviations and therefore even limited time series may provide useful insights today. Many environmental and modelling studies are focused on long-term climatic averages to determine the effects of climate change on forest populations. 
The spatial arrangement and growth trend of forest systems are strictly related to management, which influences tree density and vertical/horizontal stand structure. In such a context, GAMM analysis showed how climate was able to explain just a reduced amount of variability across plots. In this case, forest management, i.e., spatial structure and standing volume (not included in our model) might be looked at as the basic drivers for the growth of the analyzed Fagus sylvatica trees across Italy.
In a changing environment, accounting for forest response to climate changes is functional to sustainable forest management. Time series represent the time-evolution of the meteorological dynamic process and are fundamental to evaluate patterns and responses of forest species to climate change [26] . The repeated, short-term occurrence of anomalous seasons or extreme events make each year potentially sensitive to climate deviations and therefore even limited time series may provide useful insights today. Many environmental and modelling studies are focused on long-term climatic averages to determine the effects of climate change on forest populations. However, in cases of databases with detailed spatio-temporal resolution, the presence of missing values in a dataset can heavily affect any kind of analysis, leading to the underestimation of natural processes [45] . An increasing degree of representativeness and precision in statistical techniques to data analysis is needed in studies requiring a higher temporal-resolution, such as dendrochronology, or studies based on seasonal effects on plant growth [17] .
Results highlighted latent growth patterns in beech populations along the latitude gradient in Italy, providing an example of the possible use of joint mensurational and climatic high-resolution time series. However, the low variance explained by GAMM was an expected result of this study. Indeed, while most of the variability on growth and stand structure is often driven by climate in non-disturbed stands [9, 20, 57, 58 ] the same does not hold true for the ICP-Forests network. The analyzed dataset is composed by different forest categories including both coppices (TOS3, LIG1), grown-up high forests (ABR1, CAL1, CAM1, PIE1, PUG1, VEN1) with different structures and responses driven by age [32] . In light of this, our results should be interpreted as a starting point for further investigation. More informative and complete models could actually be built with ICP-Forests datasets including, for instance, soil variables or structural indices which might improve the amount of variance explained in GAMM models. However, we must keep in mind thatthis network is mainly made by managed forest stands, chosen by experts in order to monitor stands' dynamics across a long monitoring period in specific environmental contexts. Consequently, results should be evaluated in the framework of the ICP-Forests only and statistical inference would be just speculative.
Specific outcomes of this study are particularly interesting in light of forest ecology. For instance, the high variance explained by GAMM models in LIG1 might be motivated with the particular environmental condition of the area. In actuality, LIG1 is the first Italian ICP-Forests plot (from North to South) with a small reduction of rainfall over the growing season. The high water availability in a warmer condition than areas located at higher latitudes might influence the growing period without summer stress and a relatively stable climate. Interestingly, the spatially closer plot TOS3 is characterized by different predictors (only SPEI and P were significant) and a peculiar climatic diagram (see Figure 1) . The spatial proximity between these two sites, in combination with the results of our study, pointed out the inherent environmental and biological variability across the Mediterranean basin even at small spatial scales and with an (almost) genetically stable forest tree species like European beech [59, 60] . Accounting for forest response to climate shift is functional to an adaptive forest management in a changing environment. In this regard, high temporal resolution long-term time series might reveal growth patterns which allow identification of dynamic meteorological-growth relationships [54] . This information is a basic requirement for the ICP-Forests framework, where biotic and abiotic disturbances are being monitored. Moreover, high-quality and long-term time series are increasingly needed for representing meteorological-growth relationship dynamics and fundamental for the evaluation of both processes and responses of forest species to a shifting climate. Even if this issue can be seen as a weakness of this paper, useful information could be read from even a 5-year time series which could drive future monitoring efforts. It is well known that extreme events have been shown to have a crucial role for forest systems and plant communities in the Mediterranean areas [3] . Under future climate changes, such events will play an even more critical role. While the proposed approach can only indirectly outline the importance of climatic extremes in beech forest dynamics, unpredictable events will require longer time-series analysis and refined statistical modelling to understand their effects on forest ecosystems [27] . However, GAMM and dendrometers could be seen as valuable tools for the purpose.
Concerning future scenarios, VEN1 plot represents a peculiar case-study where the current climate and future scenarios seemed to be totally disconnected from all the other beech plots of the Italian monitoring network. Here, local climate regimes might be seen as an important driver to be monitored carefully in the future. An adaptive response of functional traits at the leading and trailing edge of the current distribution will help researchers in understanding possible adaptive measures to balance forest management strategies. Indeed, the central-peripheral adaptive trend will probably play a key role in the framework of a changing climate as an adaptive response of functional traits of small populations, i.e., the marginal and peripheral forest populations [59] [60] [61] .
Moreover, the bimodal growth of some Mediterranean forest tree species has the potential to affect dendrochronological analysis based on annual tree ring width [17, 20] . Knowledge of long-term climate-growth relationships is, therefore, a basic step to address suited future forest management strategies and tackle effectively both climate change-induced effects and human-related disturbances [62, 63] . In this respect, a large-scale, intensive monitoring network may provide valuable information about tree growth responses across the annual variability of climate at both latitudinal and elevation gradients.
Conclusions
The European beech is one of the most important forest tree species in Europe and one of the fundamental patches of the European forest mosaic in both pure and mixed stands. In such a framework, a monitoring effort based on robust statistical models and reliable field data maycontribute information and building up the toolboxin view of the forecasted climate change, includingtree breeding and extensive genotyping as well asadaptive forest management and assisted migration strategies. 
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